Protein Lin28 recognizes pre-let-7 microRNAs (miRNAs) through direct interactions between its zinc-knuckle type zinc-¯nger (ZnF) domains and the terminal loop of pre-let-7, resulting in the inhibition of the synthesis of mature let-7 miRNAs. Despite the physiological importance, the involved conformational changes and energetic factors contributing to the binding a±nity and speci¯city remain unclear. We conducted molecular dynamics (MD) simulations in conjunction with molecular mechanics/generalized born surface area (MM/GBSA) and energy decomposition calculations to investigate the RNA binding-induced conformational changes of the ZnFs and the residual level energetic factors that in°uence the binding a±nity and specicity. We showed that the binding of the RNA results in the inter-domain conformational changes of the two ZnF domains, including changes of the spatial relationships of several nucleobase-binding amino acids. We also observed mutation-induced weakening of the a±nity of the Lin28-pre-let-7 binding, which reveals the importance of the stacking interactions between the side-chains of Tyr140, His148, His162 and the bases of nucleic acid G2 and G5 in the speci¯c recognition of pre-let-7 by the ZnFs of Lin28.
Introduction
MicroRNAs (miRNAs) are small noncoding RNA molecules that play important gene-regulatory roles in almost every cellular process. 1, 2 Before their maturation, some miRNAs are post-transcriptionally processed and regulated by miRNA binding proteins. 3 One well-studied example of the post-transcriptional regulation is the inhibition of let-7 miRNA biogenesis by protein Lin28. 4, 5 The highly conserved let-7 family of miRNAs regulates many gene factors that control cell di®erentiation and *Corresponding author.
proliferation. 6, 7 Protein Lin28 blocks the biogenesis of let-7 by inhibiting both prilet-7 processing by Drosha 4, 8 and pre-let-7 processing by Dicer, [9] [10] [11] or by recruiting a terminal uridylyl transferase TUT4 to the Lin28-pre-let-7 complex to increase decay. [11] [12] [13] Although Lin28 can also interact with other RNAs, 14, 15 the Lin28-prelet-7 interaction is particularly important for its central role in blocking the di®er-entiation in stem cells and in certain cancers. 4, 16 Experiments have characterized structural features of the Lin28-pre-let-7 binding. Lin28 contains three nucleic acid binding domains: an N-terminal cold shock domain (CSD) and two tandem Cys-Cys-His-Cys (CCHC) zinc knuckletype zinc-¯nger (ZnF) motifs ( Fig. 1(a) ). Based on a crystal structure of mouse Lin28 in complex with pre-let-7, Nam et al. proposed a model in which the CSD and the ZnF domains recognize two distinct regions of the miRNA and are prerequisite for inhibition of let-7 in vivo. 17 However, recent studies have demonstrated the dominant role of the ZnF domains of Lin28 in binding pre-let-7, and found that these domains are su±cient to provide both binding a±nity 18 and selectivity 19 for pre-let-7 miRNAs. Additionally, in Ref. 19 , Loughlin et al. provided the NMR structure of human Lin28 zinc knuckles bound to a short sequence 5 0 -AGGAGAU-3 0 of the terminal loop region of pre-let-7. Despite having these structural information, some issues related to the binding mechanism of Lin28-pre-let-7 remains unclear: how the conformations of the ZnF domains of Lin28 change upon the binding of the miRNA? Besides, there are discrepancies in the literature on the question of how Lin28 selectively recognize pre-let-7 terminal loop. For example, di®erent combinations of nucleic acids were proposed to be responsible for the speci¯c recognition: \GGAG" (G2G3A4G5) in Ref. 17 , and the two \AG" sequences (A1G2 and A4G5) in Ref. 19 . From a more general perspective, one of the prime motivations for studying the protein-RNA interactions is to identify the patterns of the sequence-speci¯c protein-RNA binding. [20] [21] [22] The RNA recognition regions of proteins have been relatively well studied. 23 In contrast, the protein-binding features in RNA are still poorly understood. Statistical analysis has shown that guanine and adenine are signi¯cantly preferred in nucleobase-speci¯c interactions. 24 It has also been suggested that the stacking interactions between nucleobases and planar residues play important roles in the speci¯c protein-RNA recognition. [25] [26] [27] However, the underlying mechanism for these preferences is still unclear. The Lin28-pre-let-7 complex is an ideal system to study these issues.
Here we use the all-atom molecular dynamics (MD) simulations and molecular mechanics/generalized born surface area (MM/GBSA) analysis to investigate the mechanism of the binding of Lin28 ZnF domains (ZnF12) to the 5-AGGAGAU-3 sequence of pre-let-7 ( Fig. 1(b) ). Our simulations show that the binding of miRNA results in inter-domain conformational changes of the two ZnFs, including changes of the spatial relationship between several important RNA binding amino acids. In addition, by conducting MD simulations on the ZnF12 in complex with RNA mutants, we show that the A1U, G2U and G5U mutations disrupt the stacking interactions between G2/G5 and protein side-chains, and thus weaken the a±nity and speci¯city of the Lin28-pre-let-7 binding. Based on these results we conclude that the Tyr140-G5-His148 dual-stacking and the His162-G2 stacking interactions are important to the speci¯c recognition of pre-let-7 by the ZnFs of Lin28.
Methods
The initial structures for MD simulations presented in this work are all based on the NMR structure of the human Lin28 ZnF domains (ZnF12) bound to the short RNA sequence 5 0 -AGGAGAU-3 0 (PDB code 2LI8 19 ). Independent MD simulations were performed for the following systems: the ZnF12-5 0 -AGGAGAU-3 0 complex, the free ZnF12, and the free RNA. To assess the contributions of each nucleic acid to the binding a±nity, we also conducted MD simulations for the mutants, in which one (or two) of the¯rst¯ve nucleobases of 5 0 -AGGAGAU-3 0 was mutated to uracil (U). Table 1 lists the detailed information of the simulation systems, including sequences of RNA, total number of atoms, time length of the MD simulations and the number of independent MD simulations.
All MD simulations were carried out using the AMBER11 package. 28, 29 The AMBER03 force¯eld 28, 30 was employed to model the amino acids, nucleic acids, water molecules and ions. The ZnF12-RNA systems were solvated in truncated octahedron TIP3P water boxes 31 under periodic boundary conditions. The closest distance between the solute and the edge of the periodic box is 12.0 A, and the initial volume of the water boxes are described in Table 1 . K þ and Cl À ions were added to neutralize the systems and to mimic the ion concentration of 0.15 M. 32 It is known that the e®ects of charge transfer and protonation/deprotonation play important roles in the Zn 2þ binding induced folding of ZnF proteins. 33 However, as the current work does not involve the binding/unbinding of Zn 2þ ions, we did not consider these e®ects, but employed the \cationic dummy atom (CaDA)" model to reproduce the tetrahedral coordination of the zinc ion, 34 which has been con¯rmed to be appropriate in modeling the ZnF-nucleic acid interactions. 35 Before performing production MD simulations, the systems were minimized¯rstly. Then the densities of the systems were adjusted to 1.0 g/cm 3 with the temperature of 300 K and pressure of 1.0 atm.
The MM/GBSA methodology and the pairwise energy decomposition scheme 28 were employed to estimate the interaction energy between the ZnF12 and the RNAs.
In the MM/GBSA calculations, the snapshots from the¯rst 20 ns (50 ns) of the MD simulations for the wild type (WT) system (mutated systems) were omitted. In the energy decomposition, the solvent was treated implicitly using generalized born (GB) model 36 and the ionic strength was set to be 0.15 M. 
Note: N atom is the total number of atoms. \Volume" is the initial volume of the TIP3P water box in which the protein or/and RNA are solvated.
Results and Discussion

Binding induced conformational change of ZnF12
MD simulations of the free ZnF12 and the ZnF12-RNA complex were carried out to identify the conformational changes of ZnF12 and their roles in the RNA binding. Figure 2 shows the superimposed conformations of the ZnF12-5 0 -AGGAGAU-3 0 complex obtained from a representative trajectory of the complex (a) and the RMSD values of RNA (b) and ZnF12 (c), respectively. One can see that most parts of both the protein and RNA remain stable in the simulations, except for the last two nucleic acids at the 3 0 end of the RNA, namely A6 and U7, whose positions are quite diverse, as can be seen in Fig. 2(a) . These results are clearly illustrated by the RMSDs of RNA and ZnF12 as functions of the simulation time (Figs. 2(b) and 2(c)). We conducted three independent MD simulations for this complex with di®erent sets of the initial velocities, and similar results were observed from all these simulations. Note that our results are also consistent with the NMR solution structures, in which no stable protein interactions were observed with A6 and U7. 19 We found that the conformation of ZnF12 in the NMR structure of the complex was not maintained in the simulations of the free ZnF12. Figure 3(a) shows the RMSD of the free ZnF12 and each of the two ZnFs, ZnF1 and ZnF2. Comparison of the small RMSD values of each domain ($ 2 A) and that of the whole ZnF12 ($ 6 A) indicates the high stability of the component ZnF domains and the large interdomain conformational change between ZnF1 and ZnF2. Such conformational change is also illustrated in Fig. 3(b) , where 20 snapshots taken from one representative MD trajectory of the free ZnF12 are superimposed, with the conformations of ZnF1¯tted to its NMR structure. Note that similar conformational change can also be observed in other independent MD simulations. Based on these results, we conclude that the conformations of the two ZnF domains are relatively independent of each other, and the binding of RNA induces the conformational change of the°exible linker between the ZnFs, resulting in the conformations of ZnF12 that are energetically favorable for the binding. Such features of Lin28 may contribute to its ability of accommodating variable pre-miRNA sequences and lengths. 17 To gain atomically detailed information of the miRNA binding induced conformational change of the ZnF12, we focused on three residues, Tyr140, His148 and His162, whose side-chain groups are used to bind the nucleic acid G2 and G5 in the ZnF12-5 0 -AGGAGAU-3 0 complex. In the NMR structure of this complex, residue His162 has its side-chain stacking against the base of G2, while Tyr140 and His148 have the base of G5 sandwiched between their side-chains. 19 To study the conformational changes of these amino acid residues in response to the removal of the RNA, we monitored the distances between these residues during the simulations of the free ZnF12 (see Fig. 3(c) ). We can see that in the absence of the RNA, the distance between Tyr140 and His148 quickly increases from $ 6 A to large values (10 A-14 A), whereas the distance between Tyr140 and His162 decreases from $ 10 A to smaller values (5 A-8 A) . These changes can be more clearly seen from Figs. 3(d) and 3(e), which show the spatial relationships of these three residues in the beginning and the end of the MD simulations of the free ZnF12. It is worth noting that the distances (Fig. 3(c) ) and the conformations (Figs. 3(d) and 3(e) ) obtained from our MD simulations are consistent with those in the NMR structure of the free ZnF12 (PDB code 2CQF). Our MD simulation results suggest that the binding of the miRNA sequence 5 0 -AGGAGAU-3 0 induces the approaching of the residues Tyr140 and His148, which forms a suitable pocket for the binding of the base of nucleic acid G5. Similarly and simultaneously, the RNA binding-induced departure of the residue Tyr140 from His162 provides more space for the binding of the nucleic acid G2 to the side-chain of His162. Additionally, as can be seen later in this paper, these amino acid residues are involved in important protein-RNA interactions that contribute to the binding a±nity.
The mutational e®ects on the conformation
of the ZnF12-5 0 0 -AGGAGAU-3 0 0 complex
In addition to the simulations on the ZnF12 in complex with the WT 5 0 -AGGAGAU-3 0 , we also introduced point mutations to the miRNA sequence and performed MD simulations and MM/GBSA analysis to study the e®ects of the mutations on the binding a±nity and speci¯city. One (or two) of the¯rst¯ve nucleic acids, namely A1, G2, G3, A4 and G5, was mutated to uracil. Our results of MD simulations and MM/ GBSA analysis allow us to compare the contributions of each nucleic acid to the total ZnF12-5 0 -AGGAGAU-3 0 binding a±nity. We found that in all the ZnF12-mutated RNA complexes, conformational changes mainly occur at the interface between the ZnF12 and the miRNA. Figure 4 shows the conformations of the mutated miRNAs bound with ZnF12. As can be seen in Fig. 4(a) , when nucleic acid A1 is mutated to uracil, the stacking interaction between the base of G2 and the side-chain of His162 is broken. Meanwhile, the relative position of the nucleic acid U1 changes drastically from that of the WT nucleic acid A1 in the NMR structure of the ZnF12-5 0 -AGGAGAU-3 0 complex. Similarly, the breaking of the stacking interaction between the base of G2 and the side-chain of His162 is also observed in the simulation of the G2U mutant (see Fig. 4(b) ). These results suggest that both A1 and G2 are important to maintain the interaction between G2 and His162, which is speci¯c for both the nucleic acid and the amino acid.
The nucleic acid G5, which simultaneously forms stacking interactions with Tyr140 and His148, was found to be a®ected by the point mutation to uracil. As can be seen in Fig. 4(c) , the mutated nucleic acid U5 leaves the position of G5 in the ZnF12-5 0 -AGGAGAU-3 0 complex, which results in the breaking of the stacking interactions between its nucleobase and the side-chains of Tyr140 and His148. The disruption of the \sandwiched" conformation of Tyr140-G5-His148 dual-stacking in the G5U mutant (Fig. 4(c) ) suggests that the nucleic acid G5 is important for the sequence-speci¯c recognition by the ZnF12, through interactions including the gripping of the base of G5 by the side-chains of Tyr140 and His148.
In comparison with A1, G2 and G5, the other two nucleic acids G3 and A4 are relatively less a®ected by the mutations. This is consistent with the NMR structure of ZnF12-5 0 -AGGAGAU-3 0 complex, in which no direct interactions were found between the bases of G3/A4 and the ZnFs. 19 When both G3 and A4 are mutated to uracil, the conformations of the whole ZnF12-miRNA complex remains stable and is similar to the WT structure. In particular, A1, G2 and G5 maintain their speci¯c interactions with the RNA-binding residues of ZnF12, while the mutated U3 and U4 still have their bases pointing outward to the solvent, without forming direct interactions with the ZnF12 (see Fig. 4(d) ). These results indicate that G3 and A4 are not involved in the speci¯c recognition of miRNA by the ZnF12, which will also be proved by the MM/GBSA analysis in the next section.
3.3.
The mutational e®ects on the binding a±nity and speci¯city of ZnF12-5 0 0 -AGGAGAU-3 0 0
To gain better understanding of the sequence-speci¯c recognition of pre-let-7 by Lin28 ZnFs, we performed energy decomposition employing the MM/GBSA module of the AMBER11 package. 28 As can be seen in Table 2 , the total interaction energy (E total ) between the ZnF12 and the WT RNA is À147:97 kcal/mol, which is the lowest among all the E total s, indicating that the protein-RNA interaction in the WT complex is the strongest one. Comparison of the E total values of the mutants with the WT complex shows that the G3U and A4U mutations introduce relatively small changes to the interaction energies, whereas the mutations of A1U, G2U and G5U drastically weaken the interactions between ZnF12 and the miRNA. Our results of the mutational e®ects are consistent with previously reported data obtained from mutagenesis experiment studies. 8, 13, 19 To look into the physical energy terms of these mutational e®ects, the interaction energies were then decomposed to pairwise residue-residue interactions, in which we focused on the interactions related to the nucleic acids G2/G5 or their mutations. As can be seen in Table 2 , the contributions of G2 (E all G2ðUÞ ) and G5 (E all G5ðUÞ ) are largely decreased in condition of the G2U, G5U and G2UþG5U mutations, which clearly demonstrates the importance of G2 and G5 in the ZnF12-5 0 -AGGAGAU-3 0 binding. Interestingly, the A1U mutation also leads to the decrease of E all G2ðUÞ ($5 kcal/mol), which can be related to the aforementioned A1U mutation-induced disruption of the G2-His162 stacking interaction (Fig. 4(a) ).
Detailed analysis shows that the decrease of the E all G2ðUÞ and E all G5ðUÞ values involve the breaking of both the RNA backbone interactions and the interactions relative to nucleobases (Table 2) , which represent the sequence-non-speci¯c and sequencespeci¯c protein-RNA interactions. 26 Here we particularly studied three stacking interactions formed between nucleobases and planar amino acid side-chains: G2(U)-His162, G5(U)-Tyr140 and G5(U)-His148. One can see in Table 2 that the G2-His162 interaction is a®ected by the A1U and G2U mutations, whereas the G5-Tyr140 and G5-His148 interactions are hindered due to the G5U mutation, which are consistent with the MD simulations on these mutation systems (Fig. 4) . Additionally, the values of the calculated interaction energies quantitatively demonstrate that the weakening of these stacking interactions contribute large parts to the decrease of the nonspeci¯c interaction energy of G2/G5. For example, the G5U mutation results in the total loss of $ 6 kcal/mol of the G5-Tyr140 and G5-His148 interactions, while the decrease of E base G5ðUÞ is $ 10 kcal/mol (see Table 2 ). These results illustrate the important roles the stacking interactions between planar residues and nucleobases play in the speci¯c binding of protein and RNA.
Conclusion
In this study, we used all-atom MD simulations with explicit solvent and MM/ GBSA methodology to investigate the conformational changes of Lin28 ZnFs during the binding process of Lin28 and pre-let-7, and the energy factors contributing to the binding a±nity and speci¯city. Our results demonstrated that the binding of the miRNA induces the inter-domain conformational changes of the two ZnFs. Such conformational changes involve several RNA binding amino acids, Tyr140, His148 and His162, which form stacking interactions with the nucleobases of G2 or G5. The roles of these stacking interactions were also estimated by performing MM/ GBSA analysis and energy decomposition for both the WT and mutated ZnF12-5 0 -AGGAGAU-3 0 complexes. We showed that the Tyr140-G5-His148 dual-stacking and the His162-G2 stacking interactions play crucial roles in the speci¯c recognition between the Lin28 and the pre-let-7 miRNA, and the A1U, G2U and G5U mutations cause severe tamper to the binding a±nity. ) and G5(U5) (E base G5ðUÞ ), interactions between G2(U2) and amino acid His162 (E G2ðUÞÀHis162 ), G5(U5)-Tyr140 (E G5ðUÞÀTyr140 ), and G5(U5)-His148 (E G5ðUÞÀHis148 ), respectively. These energies are calculated based on summation of the decomposed pairwise energies between the protein residues and the RNA residues. The units of the energies are kcal/mol.
